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Functional Assembly of AMPA and Kainate
Receptors Is Mediated by Several
Discrete Protein-Protein Interactions
acids preceding M1 (S1), which together with the region
between M3 and M4 (S2), form the extracellular gluta-
mate binding domain (Stern-Bach et al., 1994; Kuusinen
et al., 1995; Armstrong et al., 1998; and reviewed by
Pass, 1998). The C-terminal part of S2 is not directly
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involved in agonist binding, and in AMPA receptors, dueJerusalem 91120
to RNA splicing, it appears in two forms, flip/flop, thatIsrael
mostly control receptor desensitization (Sommer et al.,
1990; Mosbacher et al., 1994). Finally, the C terminus is
intracellular and is involved in receptor anchoring and
Summary signal transduction (Sheng and Pak, 2000).
It is well established that in vivo iGluR are predomi-
Functional heterogeneity of ionotropic glutamate re- nantly or exclusively composed of heteromeric chan-
ceptors arises not only from the existence of many nels, a phenomenon that further increases the heteroge-
subunits and isoforms, but also from combinatorial neity of this family. However, although the iGluR subunits
assembly creating channels with distinct properties. share substantial sequence homology and various sub-
This heteromerization is subtype restricted and thought unit combinations can be found within the same cell,
to be determined exclusively by the proximal extracel- heteromeric assemblies are confined (Wenthold et al.,
1992; Brose et al., 1994; Puchalski et al., 1994)—a fea-lular N-terminal domain of the subunits. However, us-
ture that is practically responsible for dividing the familying functional assays for heteromer formation, we
into the three defined subtypes. What is the mechanismshow that, besides the N-terminal domain, the mem-
underlying this subtype-specific assembly? Since thebrane sector and the C-terminal part of S2 are critical
restricted pattern could be also demonstrated in variousdeterminants for the formation of functional channels.
non-neuronal cell types (e.g., Partin et al., 1993; Puchal-Our results are compatible with a model where the
ski et al., 1994), it is therefore likely that an intrinsicN-terminal domain only mediates the initial subunit
property coded in the subunit protein causes the appar-associations into dimers, whereas for the assembly of
ent selectivity of the assembly process.the full functional tetramer, compatibility of the other
Recently, using coimmunoprecipitation assays, au-regions is required.
thors have proposed that in AMPA receptors subtype-
specific heteromerization is exclusively determined by
Introduction the NTD (Leuschner and Hoch, 1999). However, since
the functionality of the complexes formed has not been
Ionotropic glutamate receptors (iGluR) mediate most of addressed, it is possible that other intrinsic signals may
the excitatory synaptic transmission in the brain, where also direct receptor assembly. In addition, nothing is
they also play key roles in synaptic plasticity and pathol- known about the assembly mechanism itself. Here, us-
ogy. Based on pharmacological and electrophysiologi- ing coexpression of chimeras with wild-type AMPA and
cal criteria, iGluR have been traditionally classified into kainate receptor subunits, we show that functional het-
three major subtypes: AMPA, kainate, and NMDA recep- eromers between two subunits can be formed only if,
tors, named after their most selective agonist (Watkins besides the NTD, other regions in the C-terminal half of
and Evans, 1981). Molecular cloning has further identi- the subunits also originate from the same subtype.
fied many genes as well as RNA splice and edited vari- These include the membrane sector (M1–M3 and M4)
ants, coding members of this family. Of these, GluR1-4 and the C-terminal part of S2, but not the agonist binding
(or GluRA-D) makes up the AMPA receptors, GluR5-7 core domains (S1 and the N-terminal part of S2) or the
and KA1-2 comprise the kainate receptors, and NR1 intracellular C-terminal tail. Compatibility of either the
together with NR2A-D form the NMDA receptors (see NTDs or of the C-terminal regions alone is not sufficient
Hollmann and Heinemann, 1994; Dingledine et al., 1999). for the formation of functional heteromers, although
Expression studies in various heterologous systems each of these regions mediate subtype-specific protein-
demonstrated that iGluR operate as oligomeric com- protein interactions. Our results are compatible with a
plexes, probably tetramers (Laube et al., 1998; Mano model in which the NTD apparently mediates the initial
and Teichberg, 1998; Rosenmund et al., 1998; but see association of the subunits into dimers, while subse-
Ferrer-Montiel and Montal, 1996; Premkumar and Auer- quent compatibility of the other regions mediates the
bach, 1997 for possible pentameric configuration). The assembly of the full functional tetramer. Such a multistep
single subunit protein of all iGluR (Figure 1A, illustration) process may provide the means for regulation and qual-
contains four hydrophobic domains of which M1, M3, ity control of the assembly process and thereby increase
and M4 transverse the membrane, while M2 faces the its specificity.
cytoplasm as a reentered loop that forms part of the
channel pore (Hughes, 1994). The N terminus is extracel- Results
lular and can be divided into two domains: the first400
amino acids (NTD), which may fold similarly to the bacte- Functional Analysis of Heteromeric Formation
rial periplasmic leucine-isoleucine-valine-binding pro- between Chimeras and Wild-Type AMPA and Kainate
tein (LIVBP; O’Hara et al, 1993), and the later150 amino Receptor Subunits
In order to identify regions that mediate subtype-spe-
cific heteromerization, we tested the ability of chimeras1 Correspondence: yaelb@cc.huji.ac.il
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Figure 1. Determination of Current-Voltage Relationship and Pharmacological Properties of R3/R6 Chimeras Coexpressed with Wild-Type
AMPA and Kainate Receptor Subunits
The molecular composition of the Q form subunits is shown on the left (A). Black bars correspond to GluR3 sequences and white bars to
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made of reciprocal exchanges between the AMPA re- al., 1997), when GluR2R was expressed at a 1:1 ratio
with GluR3Q, we observed large macroscopic currentsceptor subunit, GluR3, and the kainate receptor subunit,
GluR6, to form functional heteromers with representa- with a linear I-V relationship (Figure 1B, upper left, plus
sign), which must reflect the predominant heteromerictive wild-type subunits of each principle parent subtype.
These R3/R6 chimeras form functional homomers in formation between these two subunits. Conversely, no
change in current rectification was observed whenXenopus oocytes as well as in HEK293 cultured cells and
were previously used to localize the glutamate binding GluR2R was coexpressed with GluR6Q (Figure 1B, upper
right), as expected from the lack of interaction betweendomain (Stern-Bach et al., 1994) and to identify key resi-
dues affecting receptor desensitization (Stern-Bach et AMPA and kainate receptor subunits.
GluR6R homomers, unlike GluR2R, produce measur-al, 1998). Since AMPA and kainate receptor subunits,
despite substantial sequence homology, do not coas- able whole-cell current amplitude upon treatment with
concanavaline A (50% compared to GluR6Q, data notsemble even when heterologously coexpressed, the set
of functional R3/R6 chimeras makes a perfect tool to shown; see Egebjerg and Heinemann, 1993)—a feature
that may complicate the distinction between the activityidentify protein regions responsible for this restricted
assembly. mediated by the respective R/Q heteromers and that
resulting from a combined activity of two separate RUsing functional criteria for heteromeric formation, we
were able to distinguish responses mediated by hetero- and Q homomers. To avoid this problem, we generated
a mutant of GluR6R in which the conserved argininemeric receptors from those exhibited by the homomeric
counterparts and in a way that can similarly apply to (R523) in the binding pocket (Uchino et al., 1992; Arm-
strong et al., 1998) was replaced by lysine (K). This pointboth AMPA and kainate receptors. Therefore, we looked
mainly at the current-voltage relationship (I-V), whose mutation reduced the apparent affinity to glutamate by
more than 50-fold (data not shown); therefore, with 1shape, in both AMPA and kainate receptors, is largely
determined by a single amino acid located in M2 and mM glutamate (a saturated concentration for both GluR3Q
and GluR6Q homomers at the conditions used), no cur-which, as a result of RNA editing, can be either a gluta-
mine (Q) or an arginine (R) (reviewed by Seeburg, 1996). rents could be detected for homomeric R6(R523K)R.
However, when it was coexpressed with GluR6Q, weThe unedited Q forms exhibit a strong inward current
rectification due to a voltage-dependent block by intra- obtained a linear I-V relationship (Figure 1D, top right),
and as expected from the subtype-restricted assembly,cellular polyamines (Bowie and Mayer, 1995; Donevan
and Rogawski, 1995; Kamboj et al., 1995; Koh et al., R6(R523K)R did not attenuate the current rectification of
GluR3Q (Figure 1D, top left).1995), while the edited R forms are not sensitive and
exhibit a linear I-V relationship or slightly outward rectifi- Having set the control conditions, we next tested the
ability of each of these practically “inactive” or “silent”cation, even in various heteromeric configurations with
the Q form (e.g., Hume et al., 1991; Egebjerg and Heine- GluR2R and GluR6(R523K)R subunits to abolish the in-
ward current rectification of four R3/R6 Q form chimerasmann, 1993; Washburn et al., 1997).
When expressed in oocytes, both GluR3Q (flip isoform) (Figure 1A). Each of these chimeras forms functional
homomeric receptors with expression levels compara-and GluR6Q homomers produce large currents upon at-
tenuating their fast desensitization with cyclothiazide ble to those of the wild-type GluR3Q and GluR6Q homo-
mers. Reciprocally they divide the subunit polypeptideand concanavaline A, respectively (1–3 A at 70 mV
to 1 mM glutamate) (e.g., Partin et al., 1993; Yamada and into three regions: NTD, S1, and the C-terminal half that
includes the membrane domains, the extracellular S2,Tang, 1993), and exhibit, as expected, a strong inward
current rectification (Figures 1B and 1D). In contrast, at and the intracellular C-terminal tail. As shown in Figure
1B, no significant change in the I-V relationships was ob-the same conditions, the activity of GluR2R (flop isoform)
was hardly detected (10 nA), although its cell surface served when GluR2R was coexpressed with R6NTDR3Q,
a chimera in which the NTD originates from GluR6 andprotein expression in the oocyte is similar to that of
GluR3Q (see Figure 2C, lower panels). This apparent lack the rest of the polypeptide from GluR3 (Figure 1B, middle
left), or when coexpressed with the reciprocal chimera,of macroscopic currents mainly results from the low
single-channel conductance of the R form (Swanson et R3NTDR6Q, in which the NTD is the only domain compat-
ible to GluR2R (Figure 1B, middle right). In contrast,al., 1997) combined with the weak sensitivity of the flop
isoform to cyclothiazide (Partin et al., 1994). However, GluR2R abolished the rectification of R3(R6S1)Q, a chi-
mera in which only S1 originated from GluR6 (Figure 1B,as previously shown (Hume et al., 1991; Washburn et
GluR6. NTD represents the first 400 amino acids, S1 and S2 the ligand binding domains; the long vertical bars are the three transmembrane
domains M1, M3, and M4, and the short vertical bar corresponds to the reentered channel loop, M2. The numbers above each chimera
indicate the residues forming the respective junction according to the color code. All chimeras contained the flip module (where applicable)
while GluR2R and GluR3R the flop. GluR6*R corresponds to GluR6(R523K)R. The table on the right summarizes the data shown in (B)–(E). A
linear I-V relationship (B–D) upon coexpression with a specific R form subunit and a positive response to AMPA (100 M) upon coexpression
with KA2 (E) is indicated by “Yes,” while no change in phenotype relative to the homomeric counterparts is represented by “No.” n.d.1, not
determined. n.d.2, not determined because the chimeric subunit forms homomers sensitive to AMPA. Subunits were injected alone () or at
1:1 ratio () with the respective subunits, as indicated. Recordings were made as described in Experimental Procedures. The protein ratio
was verified by Western blot analysis on whole-cell protein fraction (data not shown, but see Figure 2C). Each I-V curve is an average of three
oocytes injected with tagged subunits (HSV-Q form versus FLAG-R form). Similar results were obtained with untagged subunits, and the total
number of experiments is given for each pair (N; bottom right). Responses to 1 mM glutamate of the Q form subunits were 1000–5000 nA (at
70 mV).
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bottom right). Coexpression of the chimeras with GluR3R For the control experiment of coexpressing GluR6Q
with GluR2R, there was no significant change in I/I0 evenproduced similar results to that obtained with GluR2R
(Figure 1C), thus excluding interference from the se- at six times excess of GluR2R (Figure 2A) as well as no
change in current rectification (Figure 2B), as expectedquence diversity within the AMPA receptor subtype.
For the mirror image experiments of coexpressing the from the lack of interaction between wild-type AMPA
and kainate receptor subunits. Similar results were ob-chimeras with the kainate receptor subunit R6(R523K)R
(Figure 1D), we obtained, in principle, similar results to tained for the coexpression of R6NTDR3Q or R6TM1R3Q
with GluR2R (data not shown), suggesting that these twothose observed with the AMPA receptor subunits GluR2R
and GluR3R. That is, when coexpressed, R6(R523K)R could chimeras, in which the NTD originates from GluR6, do
not interact with GluR2R, and that is why current rectifi-not abolish the inward current rectification of any of
the four chimeras, although its presence in each set of cation was not attenuated (Figure 1B).
On the other hand, for the coexpression of R3NTDR6Qoocytes was verified by Western blot analysis (data not
shown). The chimera R6(R3S1), which we would predict and GluR2R, subunits that are compatible only in the NTD,
we observed a gradual decrease in I/I0 as the amountto coassemble with GluR6, does not form functional
homomers (Stern-Bach et al., 1994), and therefore was of GluR2R increased (Figure 2A), with almost no effect
on current rectification (Figure 2B). Therefore, the com-omitted from the assay.
Finally, we also tested possible assembly with the kai- patible NTDs interact with each other, but these interac-
tions alone are insufficient and result in nonfunctionalnate receptor subunit KA2. This subunit does not yield
functional homomeric channels in oocytes (nor in other complexes. Only when the amount of GluR2R was in
three times excess was a small change in the rectifica-heterologous systems), but when coexpressed with
GluR6, it enables responses to AMPA, a feature not tion observed (p 0.01), which may indicate the forma-
tion of a small population of functional complexes. How-exhibited by homomeric GluR6 receptors (e.g., Herb et
al., 1992; Figure 1E, left). Of the chimeras shown in Figure ever, since the remaining macroscopic currents were
relatively small (100 nA), part of this phenotype may1A, only R3NTDR6 forms homomers that are not acti-
vated by AMPA, and its coexpression with KA2 fails to be contributed by the large population of homomeric
GluR2R. The reduction in activity upon coexpression isconvert this phenotype (Figure 1E, right), even though
the entire agonist binding site of this chimera is that of not a result of a lower surface expression (Figure 2C).
In fact, we observed a higher signal for the coexpressedGluR6.
Taken together, the analysis of the chimeras shown subunits compared to each of the homomeric expres-
sions. Currently, without further analysis, the reason forin Figure 1 identified the NTD as well as the region C-ter-
minal to S1, but not S1, as major determinants for sub- this phenomenon is unclear. Nevertheless, it indicates
that even though these nonfunctional complexes aretype-specific assembly and demonstrated that compati-
bility in only one of these regions is not sufficient to delivered to the oocyte cell surface, they are treated
differently from functional channels. In order to gainobtain functional heteromers.
some insights into the type of interactions mediated by
the NTD, we calculated the theoretical reduction in I/I0Functional and Biochemical Characterization
of Subtype-Specific Intersubunit Interaction expected for various receptor stochiometries assuming
a binomial distribution (see details in Experimental Pro-of Fully and Partially Compatible Subunits
The apparent lack of functional heteromerization when cedures). Interestingly, the observed reduction in I/I0
was much lower than what would be expected if theeither the NTD or the region C-terminal to S1 is the only
compatible domain can result from a complete lack of compatible NTDs assemble into the correct oligomeric
order being either a tetramer or a pentamer (Figure 2A,interaction between the two subunits or from partial
interactions that are not sufficient to generate functional traces 4 and 5). On the other hand, the data fit much
better with a theoretical formation of dimers (trace 2).channels. Because the activity of the R form homomers
cannot be detected in our experimental conditions, in At high amounts of GluR2R, however, the deviation of
the data from trace 2 may indicate limited formation ofthe case of no interaction, the amplitude of whole-cell
current will be determined only by the amount of the Q complexes of higher order.
In contrast to R3NTDR6Q, for the chimera R3(R6S1)Q,form subunit in each configuration. In contrast, in case
of insufficient interactions, we would expect a relative in which both the NTD and the C-terminal half of the
subunit are compatible to GluR2R, coexpression at simi-reduction in whole-cell currents as a result of recruit-
ment of the functional Q form subunits into truly inactive lar conditions showed a gradual increase in I/I0 with
increasing amounts of GluR2R (Figure 2A). In parallel,complexes with the R form.
To examine this issue in detail, we coexpressed the current rectification was significantly attenuated, even
when small amounts of GluR2R were added (Figure 2B),Q form chimeras with the “silent” GluR2R subunit at
various ratios by injecting a fixed amount of the Q form indicating predominant formation of functional hetero-
mers at all ratios. Because the low-single channel con-subunit mixed with increasing amounts of GluR2R and
measured whole-cell current amplitudes as well as the ductance of GluR2R is dominated by the high conduc-
tance of the Q form subunit when forming heteromersdegree of current rectification. At these expression con-
ditions, since the total amount of the cRNA injected was (Swanson et al., 1997; Washburn et al., 1997), the grad-
ual increase in the macroscopic current is a result ofkept below saturation, each set of oocytes expressed
the same amount of the Q form protein (Figure 2C). the formation of more high-conducting heteromeric
channels as the amount of GluR2R was increased. ThisTherefore, the current amplitude obtained for each ratio
(I) was divided by the value obtained for oocytes injected increase in activity correlates with formation of tetra-
mers (Figure 2A, trace 4), a finding that is in line withwith the Q form alone (I0).
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Figure 2. Coexpression of GluR2 with GluR6, R3NTDR6, or R3(R6S1) at Various Protein Ratios
(A) Whole-cell current measurements on oocytes injected with a fixed amount of cRNA coding for the respective Q form subunit (2–3 ng),
together with water or different amounts of GluR2R cRNA (in an equivalent volume). Recordings were performed as described in Experimental
Procedures. I/I0 defines the value measured at 70 mV for a given subunit ratio (I), divided by the value obtained from oocytes injected with
the Q form subunit alone (I0). Data for each point is an average of 25–53 oocytes from 3–7 batches. Similar results were obtained when the
total cRNA injected per oocyte was kept constant by supplementing with cRNA coding for the NMDA receptor subunit NR1a. The dashed
traces are theoretical curves generated for the formation of dimers (2), trimers (3), tetramers (4), and pentamers (5) as described in Experimental
Procedures.
(B) Representative I-V curves for the experiments summarized in (A). The Q:R ratio is indicated on the right of each curve. Whole-cell current
amplitudes measured at 70 mV were (in nA): 1940  240 for GluR6Q, 2384  283 for R3NTDR6Q, and 1354  219 for R3(R6S1)Q injected
without GluR2R.
(C) Western blot analysis on whole-cell and biotin labeled (surface) protein fractions (obtained from 10 oocytes), were performed as described
in Experimental Procedures on the same oocytes shown in (B).
our current assumption on the functional core stochi- tein-protein interactions between the chimeras and the
wild-type parent subunits, we used biochemical copre-ometry of the receptor. The deviation of the data at high
ratios may be a result of lower single-channel conduc- cipitation experiments (Figure 3). To unify the experimen-
tal design the “precipitating” subunits were tagged withtance of channels having more than one copy of GluR2R,
or of the fact that assembly is not completely random. FLAG (F) and a six-histidine tail (His) for detection and
purification purposes, respectively, while the “copreci-Finally, in order to directly examine the observed pro-
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Figure 3. Coprecipitation of Chimeras with Wild-Type AMPA and Kainate Receptor Subunits
Coprecipitation experiments were done as described in Experimental Procedures. The identity of the precipitating subunit is indicated on the
top, and the coprecipitating subunits are marked below. T, the total protein fraction loaded on the beads; P, the precipitated fraction. Equal
amounts of T and P were separated on 8% SDS-PAGE gels, blotted and reacted with anti-HSV (H) or anti-FLAG (F) antibodies as indicated.
pitating” subunits were tagged with HSV (H). Thus, we specific heteromerization, we generated several chime-
were able to detect each subunit in the pairwise mixtures ras dividing this region into four distinct subdomains
using the respective anti-tag antibodies, regardless of (Figure 4): C1, the region containing the transmembrane
the subunit’s structure. Following expression in HEK293 domains M1 and M3 and the channel forming pore M2
cells, subunits lacking the His tag did not retain on the (M1–M3); C2, the region between M3 and M4 (S2) that
metal beads (Figure 3A), while those expressing it fully forms part of the agonist binding domain; C3, the trans-
precipitated at the condition used (95%; Figures 3B membrane domain M4; and C4, the intracellular C-termi-
and 3C, lower panels). As expected, when coexpressed nal tail. Because the identity of the NTD is critical for hetero-
at a 1:1 ratio, HGluR3 fully coprecipitated with FGluR3His meric assembly, these C1–C4 alternations were made
(95%  5%), while no coprecipitation was observed in R3(R6S1)Q (Figure 4A) and in GluR6Q (Figure 4B), re-
for HGluR6 (2%) (Figure 3B). At the same conditions, spectively. This created two sets of reciprocal mutants
however, only partial coprecipitation was observed with that enabled us to test for heteromerization with AMPA
HR3NTDR6 (54%  7%) and with HR6TM1R3 (15%  receptor subunits, on one hand, and with kainate re-
3%). Similar results were obtained for coprecipitation ceptor subunits, on the other. Using the tests described
with FR6TM1R3His (Figure 3C). That is, for the fully com- in Figure 1, we found that alternations of C1, C2, and
patible HR6TM1R3, we observed 95% 3% coprecipita- C3 prevented the formation of functional heteromers. In
tion, while for the partially compatible HGluR6 and contrast, functional heteromer formation was unaffected
HGluR3 we obtained 52% 4% and 12% 3% copreci- by an alternation confined to C4 (see chimera R3(R6S1)-C4,
pitation, respectively. Similar results were obtained for Figure 4A), a result that excludes the involvement of
coprecipitation of the chimeras with GluR1 (N. Brose, the intracellular C-terminal tail in subtype specific as-
Y.S.-B., and S.F. Heinemann, unpublished data). The sembly. Moreover, by splitting C2 in half (see chimera
partial 52%–55% coprecipitation of subunits that are R6-C2N, Figure 4B), we found that the N-terminal part
compatible only in their NTD correlates with our electro- of this region (forming the smaller lobe of the agonist
physiological measurements in which, at the same ex- binding domain) is also not involved in this process. The
pression ratio (1:1), we observed 58% inhibition of complementary chimera was nonfunctional (R6-C2C;
whole-cell currents (Figure 2A). The weak interactions
data not shown). Interestingly, we found that chimeras
observed for the region C-terminal to S1 when being
having C1 (M1–M3) or C3 (M4) of the opposite subtype
the only domain compatible (12%–15% coprecipitation)
had 5- to 10-fold lower homomeric activity comparedwere not detected by the electrophysiological measure-
to subunits having both domains of the same subtypements, a discrepancy that may be due to the different
(data not shown). Since the level and kinetics of proteinexpression system used in each case.
synthesis as well as affinity to glutamate were not alteredIn summary, the results shown in Figures 2 and 3
in these chimeras (data not shown), it indicates thatindicate that compatible NTDs mediate subtype-spe-
intrasubunit compatibility between the membrane do-cific protein-protein interactions, but these interactions
mains is required for full homomeric activity.alone are not sufficient to produce functional heter-
Finally, in order to further dissect the M1–M3 regionomers and apparently result in partially assembled com-
(C1), we generated two more mutants of R3(R6S1)Q inplexes, probably dimers. For the region C-terminal to
which either M1 or M2 (including its two connecting loops)S1, in the absence of compatibility between the NTDs,
was replaced by the GluR6 sequence. M3, except forwe observed only weak intersubunit interactions. How-
the conserved change of valine to isoleucine, is identicalever, since it is clear that without compatibility in this
between GluR3 and GluR6 and was therefore disre-region functional heteromers are not formed, it is possi-
garded. Of the two mutants, the M1 exchange resultedble that we cannot detect these interactions because
in a nonfunctional mutant while the M2 exchange mutantthey are dependent on conditions created by the NTD
was only partially active (5%, compare to R3(R6S1)Q)interactions.
and also did not functionally assemble with GluR2R (data
not shown). Therefore, more refined site-directed muta-Characterization of Determinants C-Terminal
genesis is needed to resolve the contribution of specificto S1 Important for Functional Assembly
residues.of Homomeric and Heteromeric Channels
In summary, the dissection of the subunit’s C-terminalIn order to identify the molecular determinants in the
region C-terminal to S1 that are responsible for subtype half disclosed the membrane regions M1–M3 and M4
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Figure 4. Refinement of C-Terminal Determinants Important for Functional Heteromerization
The region C-terminal to M1 has been divided into four domains as marked: C1, M1–M3; C2, S2; C3, M4; and C4, the intracellular C terminus.
C1–C4 alternations were made in R3(R6S1)Q (A) and GluR6Q (B), respectively. All mutants contained the flip module where applicable. Chimeras
were expressed at 1:1 ratio with either GluR2R, GluR6(R523K)R, or KA2, as indicated. Yes/No indicate whether functional heteromers were
formed between a specific pair based on the I-V relationships or sensitivity to AMPA as described in Figure 1 (n  5–10, N  2–3). n.d.1, not
determined because the chimera was nonfunctional as homomer. n.d.2, not determined because the chimera forms homomers sensitive to
AMPA.
as well as the C-terminal half of S2 as playing critical high nonspecific background precipitation may mask
small differences in the extent of coprecipitation. In ourroles in receptor assembly, while excluding the involve-
ment of the agonist binding region of S2 and the intracel- study, in agreement with Leuschner and Hoch, we found
that subunits compatible only in the NTD interact withlular C-terminal tail.
each other (Figure 3), but the complexes formed are
nonfunctional. This is evident from the significant reduc-Discussion
tion in whole-cell current upon coexpression (Figure 2A,
middle), with no evidence for heteromeric activity (FigureIn this study we have identified multiple domains through-
out the subunit polypeptide that play key roles in the 2B, middle). Only when there is compatibility in the C-ter-
minal half of the subunits as well are functional hetero-assembly of AMPA and kainate receptors. This has been
achieved by testing the ability of several chimeras of the mers formed (Figures 2A and 2B, right). Furthermore, in
our coprecipitation experiments (Figure 3), at a 1:1 ratioAMPA receptor subunit GluR3 and the kainate receptor
subunit GluR6 to form functional channels with each we found only partial coprecipitation of subunits that
are compatible only in the NTDs as compared to fullyone of the parent wild-type subunits as well as with
the homologous subunits GluR2 and KA2, respectively. compatible subunits (55% versus 95%). This result indi-
cates once more that when downstream compatibilityTherefore, the results of this study are likely to apply to
the assembly of the other AMPA and kainate receptor is absent, the interaction between the subunits is not
optimal.subunits as well. By looking at chimeras that split the
subunit into two or three broad regions, our first finding One of the most striking observations of our study is
that the reduction in whole-cell current observed, whenwas that functional heteromers between a chimera and
a wild-type subunit can be obtained only if their NTD only the NTDs are compatible is lower than what would
be expected if the nonfunctional complexes formed be-and the region C-terminal to S1 both originate from the
same subtype (Figure 1, see summary in [A]). This finding tween the two subunits, would consist of tetramers or
pentamers (Figure 2A, middle, traces 4 and 5). The data,suggests that the heteromerization process is complex
and not just determined by the NTD as previously pro- on the other hand, fits better with a theoretical formation
of dimers (trace 2). Conversely, when both domains areposed (Leuschner and Hoch 1999).
What is the reason for the different conclusions reached compatible and, thus, functional heteromeric channels
are formed (Figure 2B, right), the titration of whole-cellin our study? Leuschner and Hoch (1999) based their
conclusion on the finding that chimeras and truncated current fits well with the formation of tetramers (Figure
2A, right, trace 4). The most straightforward explanationsubunits that are compatible only in the NTD coprecipi-
tated to a similar extent as fully compatible subunits. of these results is (1) tetramers are the functional unit
in assembled AMPA and kainate receptors—a findingHowever, this assay does not distinguish between func-
tional and nonfunctional interactions. In addition, in their that is in line with other studies on receptor stochiometry
(Laube et al., 1998; Mano and Teichberg, 1998; Rosen-study, the precipitating subunit was expressed in excess
to the other subunit. This together with the observed mund et al., 1998)—and (2) compatible NTDs (with no
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downstream compatibility) are only able to form dimers. secondary NTD interactions. The model illustrates ho-
momeric assembly of representative subunits (FiguresAt this point we can not rule out the alternative that the
“dimer-like” behavior—observed in Figure 2A, middle—is 5A and 5B), which can similarly apply to heteromeric
assemblies within each of the subtypes. When AMPAdue to weaker or less stable intersubunit interactions
when the NTD is the only compatible domain. This would and kainate receptor subunits are expressed in the same
cell (Figure 5C), noncompatibility in the NTDs primarilylead to a smaller fraction of the complexes being hetero-
tetramers and the rest pure homotetramers. This issue prevents heterodimer association, resulting in the for-
mation of homodimers only. The two distinct homodi-may be eventually resolved by biochemical isolation and
characterization of intermediate complexes. Support for mers can then assemble only with themselves, but not
with each other because of the incompatible C termini.our interpretation that the NTD can assemble only as
dimers is provided by two recent biochemical studies In agreement with our experiments using chimeras (Fig-
ure 1), due to this sequence of events, subunits havingshowing that truncated NTD of GluR1 or GluR4, alone
or linked to S1-S2, predominantly forms homodimers in the NTD of one subtype and the C-terminal determinants
of the other can form fully functional homomers (Figuressolution (Kuusinen et al., 1999; Wells et al., 2001). In
addition, recent crystallization of the N-terminal domain 5D and 5E), but not functional heteromers with wild-
type subunits (Figures 5F and 5G). A chimera and a wild-of the metabotropic glutamate receptor 1, which is ho-
mologous to the NTD of the iGluRs (O’Hara et al., 1993), type subunit compatible in the C termini but not in the
NTDs (Figure 5F) can not heterodimerize, whereas eachsuggests that this domain exists as dimers (Kunishima
et al., 2000). one can form stable homodimers. The homodimers are
then able, in principle, to interact through the compatibleIn contrast to the NTD interactions, in our coprecipita-
tion assays, we observed only weak intersubunit interac- C termini; however, in the absence of secondary com-
patibility in the NTDs, these complexes are not stabletions mediated by the C-terminal region, when compati-
bility between the NTDs is absent (Figure 3). However, and thus dissociate. Evidence for such nonstable heter-
otetramers is provided by the residual coprecipitationsince it is clear that without compatibility in this region
functional channels are not formed, this apparent weak of R6TM1R3 with GluR3 and vice versa (15%; Figures
3B and 3C). On the other hand, a chimera and a wild-interaction may indicate that, during the assembly of
native channels, the interactions of the NTDs are a pre- type subunit compatible only in the NTDs (Figure 5G),
can form stable heterodimers as well as the two distinctrequisite needed for the assembly of the C-terminal half.
This hypothesis is in line with the fact that chimeric homodimers, but the subsequent dimer:dimer associa-
tions can take place only between dimers that have fullysubunits, having the NTD from one subtype and the C-ter-
minal half from the other, do form fully functional homo- compatible C termini. This results in the formation of
two separate populations of functional homotetramersmeric channels as the wild-type parent subunits (Figure
1; Stern-Bach et al., 1994). This indicates that compati- and a population of nonfunctional heterodimers, in
agreement with the data obtained for the coexpressionbility is required within each of these domains but not
in-between. By testing chimeras having limited substitu- of R3NTDR6Q with GluR2R (Figure 2A, middle).
In vivo, having multistep signals spread throughouttions in the C-terminal half of the subunit, we found that
compatibility in the membrane domains (M1–M3 and the subunit may provide the means for regulation and
quality control of the assembly process and therebyM4), as well as in the C-terminal half of S2 (containing
the flip/flop module in AMPA receptors), is important increase its specificity. In addition, while the NTD inter-
actions may serve as an initial rapid screen betweenfor functional heteromeric assembly (Figure 4). This ex-
cludes the N-terminal half of S2 that is directly involved the possible pairs, it is possible that certain pairs may
be preferred or more stable than others, and therefore,in agonist binding (Stern-Bach et al., 1994; Armstrong
et al., 1998) and the intracellular C-terminal tail that binds the final tetrameric arrangement will depend on the addi-
tional downstream signals. This, in turn, may further restrictto scaffold and other regulatory proteins (Sheng and
Pak, 2000). Thus, even though multiple domains are the possible configuration of native channels within each
of the subtypes. Such restrictions have in fact beenrequired for assembly, the agonist binding domain and
the carboxyl terminus are not among them. Our finding observed. In the CA1/CA2 pyramidal neurons, it was
found that AMPA receptors are mainly composed ofof the involvement of the distal part of S2 in intersubunit
interactions is in harmony with a recent structural analy- GluR1 and GluR2 or GluR2 and GluR3, while very few
complexes contained both GluR1 and GluR3 or onlysis of dimeric crystals of the miniprotein S1-S2 of GluR2,
showing that this region forms the dimer interface (Arm- GluR1 (Wenthold et al., 1996). Furthermore, heteromers
of GluR1 and GluR2 seem to preferentially assemblestrong and Gouaux, 2000). Initial attempts to determine
the contribution of specific regions in M1–M3 for subunit into symmetric tetramers containing two copies of each
subunit (Mansour et al., submitted). In addition, in theassembly indicated that the identity of both M1 and M2
is important (data not shown). Therefore, the role of M1 NMDA receptors, which conduct only as heteromers
made of NR1 with any of NR2A-D subunits, two NR1is more than just providing a membrane anchor that
permits or facilitates the oligomerization of the NTD, as and two NR2 subunits make up the functional complex
(Behe et al., 1995; Laube et al., 1998).suggested previously (Leuschner and Hoch, 1999).
Taken together, our results are compatible with a Preferential dimer:dimer arrangement is also pro-
posed for the tetrameric cyclic nucleotide-gated chan-model (Figure 5), in which the assembly of AMPA and
kainate receptors proceeds in at least two basic sequen- nels (Liu et al., 1998) and the voltage-gated potassium
channels (Tu and Deutsch, 1999). However, in the lattertial steps: step 1, subunit dimerization that is mediated
by the NTD; step 2, dimer:dimer association that is medi- case the tetramerization signals are contained in the N-ter-
minal domain only (reviewed in Papazian, 1999). For theated by the C-terminal determinants and stabilized by
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Figure 5. Schematic Model for Native and
Chimeric Receptor Assembly
The model suggests two basic steps in recep-
tor assembly: step 1, subunit dimerization
that is mediated by the NTD; step 2, dimer:
dimer association that is mediated by the
C-terminal determinants and stabilized by
secondary NTD interactions. (A)–(G) illus-
trates the different homomeric (A, B, D, and
E) and heteromeric (C, F, and G) expressions
of wild-type and chimeric subunits examined
in this study. Black and white shapes repre-
sent AMPA and kainate receptor subunits,
respectively. The intermediate dimers (step
1) and the resulting tetramers (step 2) are
shown for each case. Unfavored or unstable
complexes are crossed. The probability of
occurrence of the other species is undeter-
mined. See Discussion for more details.
guishable from the respective wild-types based on pharmacologypentameric nicotinic acetylcholine receptors hetero-
measured in oocytes and by kinetic parameters measured indimer formation—mediated by the N terminus—is pro-
HEK293 cells (R. Petroski, Y. S.-B., and S.F. Heinemann, unpub-posed to be an intermediate step (Green, 1999; Keller
lished data). All constructs shown here (except for KA2) were in-
and Taylor, 1999). Similar to our findings, it has been serted in pGEMHE (a gift from E. Liman), which was used for expres-
recently shown that without proper signals in the C-ter- sion in Xenopus oocytes. Several constructs were also subcloned
into pCDNA3 (InVitrogen, San Diego, CA) for expression in HEK293minal half of the 	 subunit of the nicotininc acetylcholine
cells. FGluR2R-flop and GluR3R-flop were obtained form the labora-receptors, the intermediate dimers do not undergo fur-
tory of S. Heinemann. The original R3(Q612R) (Hume et al., 1991)ther assembly (Eertmoed and Green, 1999). Taken to-
was subcloned from SK into pGEMHE using NsiI-SalI digest ofgether, it appears that although the assembly of ion FGluR3. Plasmids were linearized with NheI and capped cRNA was
channels may be similar in some ways (for example, transcribed in vitro with T7 RNA polymerase (mMessage mMachine;
almost all involve initial associations of the N-terminal Ambion, Austin, TX). The yield and quality of transcripts were as-
sessed by agarose gel electrophoresis and ethidium bromidedomain), the specific steps of the process are unique
staining.for each family. We anticipate that future studies de-
termining the role of subdomains of both the NTD and
the C-terminal region will lead to further refinement of Oocyte Preparation and Electrophysiology
Stage V–VI Xenopus laevis oocytes were prepared as previouslyour proposed model for iGluR assembly.
described (Stern-Bach et al., 1994). Oocytes were injected up to 24
hr after preparation, with 1–20 ng cRNA in 50 nl/oocyte (linear rangeExperimental Procedures
of expression), and assayed 3–5 days later. Two electrode voltage-
clamp recordings were carried out at room temperature, using Gen-Molecular Biology and In Vitro cRNA Transcription
The chimeras shown in Figure 1 were previously described (Stern- eClamp500 connected to DIGIDATA1200 and pCLAMP6 (Axon In-
struments, Foster City, CA). Electrodes (Sutter Instruments, Novato,Bach et al., 1994, 1998), where chimeras R3NTDR6 and R6NTDR3
correspond to R3KBPR6 and R6KBPR3. The other chimeras used CA) were filled with 3 M KCl and had resistance of 1 M
. Oocytes
were continuously perfused with recording solution containing 10in this study were constructed by a similar approach. For each con-
struct, the amino acids at the appropriate junctions are indicated in mM HEPES, pH 7.4, 90 mM NaCl, 1 mM KCl, and 1.5 mM CaCl2
(Figures 1 and 4) or 1.8 mM MgCl2 (Figure 2; to minimize the activa-the figures and numbered relative to the first methionine in the ORF.
GluR6(R523K)R was constructed according to the method developed tion of the endogenous Ca2-gated Cl channels). To avoid interfer-
ence from receptor desensitization, oocytes were usually treatedby Stratagene (QuickChange; Stratagene, La Jolla, CA). The epitope
tags HSV (QPELAPEDPED) and FLAG (DYKDDDDK) were inserted with concanavaline A (1 mg/ml, 5–10 min before recording; Sigma,
St. Louis, MO) and cyclothiazide (0.1 mM mixed in the agonist solu-in frame at the N terminus of GluR3 after R36 and at GluR6 after
P49, using PCR overlap extension, thus creating HGluR6, HGluR3, tion; RBI, Natick, MA). I-V relationships were obtained by applying
1 s voltage ramps (70 mV to 40 or 70 mV, as indicated) onFGluR6, and FGluR3 tagged subunits. Similarly, a six-histidine tail
(His) was added to FGluR3 after the last amino acid, generating plateau responses to 1 mM glutamate. Measurements in the pres-
ence of agonist were subtracted from the average values obtainedFGluR3His. All mutations and insertions were confirmed by sequenc-
ing through the cassette insert. The tagged subunits were indistin- before and after agonist application, and normalized to the value
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obtained at 70 mV. Sensitivity to AMPA (Figures 1 and 4) was Acknowledgments
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